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Abstract We study (j)-meson production in nuclei to investigate the in-medium mod- 
ification of the meson spectral function at finite density. We consider {p,(j)), (7,p) 
and {n~ ,n) reactions to produce a 0- meson inside the nucleus and evaluate the effects 
of the medium modifications to reaction cross sections. The structures of the bound 
states, 0-mesic nuclei, are also studied. For strong absorptive interaction cases, we need 
to know the spectrum shape in a wide energy region to deduce the properties of (f>. 

1 Introduction 

Mesic atoms such as pionic- and kaonic-atoms are Coulomb assisted meson-nucleus 
bound systems and have been studied systematically for a long time '1 . The binding 
energies and widths of these bound states provide us unique and valuable information 
on the meson-nucleus interactions. Mesic nuclei, another kind of meson-nucleus sys- 
tems, are meson-nucleus bound states mainly due to attractive strong interactions and 
have also been studied intensively in these days. 

In the contemporary hadron-nuclear physics, mesic atoms and mesic nuclei are 
considered to be very interesting objects in the following two aspects. First, they are 
strongly interacting exotic many body systems which should be explored by nuclear 
physicists. Second, mesic atoms and mesic nuclei provide unique laboratories for the 
studies of hadron properties at finite density which are significantly important to explore 
various aspects of the symmetries of the strong interaction OH]- 
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Fig. 1 The <f> meson optical potentials as a function of the radial coordinate r for -^^B 
systems obtained from 77^ in Ref. The left and right panels show the real and imaginary 
parts. The solid, dashed, dotted, dotted-dashed lines indicate the potential strength for the 4> 
meson energies Re E - = MeV, -10 MeV, -20 MeV and -30 MeV, respectively. 

In this letter, we will report our studies on structure and formation of (j) mesic 
nuclei [4]. In-medium properties of the cf> meson have been studied theoretically, and 
they have a close relation to K and K meson properties in medium because of the 
strong (j> — > KK coupling. The study of QCD sum rules [5] and the data taken at 
KEK ^ suggested a 3 % mass reduction of (j> at the normal nuclear density, while the 
(j> meson selfenergy calculated in Refs. [7j|8j indicated a significantly smaller attractive 
potential for (f>. Since we can expect to obtain new information which is complementary 
to the invariant mass measurements [6], we investigate the (j) mesic nuclear states to 
study the (j) properties in medium. We will show the calculated results of the bound 
states and formation spectra for some reactions in the following sections which will 
help to consider experimental feasibilities. 



2 Optical potential and bound states 

We show the (j) meson optical potential Vopt (r) in Fig. [1] which is obtained from the 

(j) meson selfenergy in Ref. [8] as K>pt(r) = -^n^{p{r)) within the local density 

approximation. The selfenergy 11^ depends on the energy of the (p meson and on the 
density p. 

As shown in Fig. [1] the theoretical potential based on 77^ [8] is a weak attractive 
potential V{0) ~ —7.5 MeV at _E = m^. To simulate the 3% mass reduction in nucleus 
indicated in Refs. [S]|S], we multiply a factor to the real part of the theoretical potential 
to scale Re V^(0) = —30 MeV at i? = m^. We use both theoretical (shallow) and scaled 
(deep) potentials in this article and compare the results to know the sensitivity of the 
observables to the potential depth. 

We calculate the binding energies and widths of the bound states by solving the 
Klein-Gordon equation selfconsistently for the real part of the (j> meson energy. The 
calculated results are shown in Table [1] We see that there exist several bound states 
of (j) in nuclei, however, the widths of the states are large and will make it difficult to 
observe any peak structure in the missing mass spectra. 



3 



Table 1 Calculated binding energies and widths of meson bound states in 
"B, ^^K, I23in^ and 207ti. Widths do not include the </> decay width m vacuum. 



Shallow potential Deep potential 

B.E.[MeV](r[MeV]) B.E.[MeV](r[MeV]) 



"B 


none 


Is 


10.2(17.9) 


39k 


none 


Is 


28.5(20.0) 






2p 


11.8(19.8) 




Is 2.34(21.6) 


Is 


34.5(18.7) 






2s 


12.2(19.9) 






2p 


26.3(19.9) 


207rpj 


Is 3.73(22.5) 


Is 


40.1(17.5) 






2s 


24.4(20.2) 






2p 


27.1(20.3) 






3p 


13.1(20.4) 






3d 


27.5(19.8) 



3 Formation spectra of 0-nucleus systems 

We use the Green's function method to calculate the formation spectra of the (p meson 
from nucleus [9] as in the cases of other mesic nucleus formation [10lllllfT2] . 

We show the calculated cross sections of the ^^C(p, (p) reaction proposed in Ref. [13) 
for the formation of a (f> -^^B system in Fig. [2] for the theoretical (shallow) optical 
potential case. The spectra shown in this article are folded spectra with the Gau/3ian 
distribution with meson decay width in vacuum at i5 = m^. In this case, since no 
bound state exists as shown in Table [T] the spectrum has a smooth shape without 
any peak structures. In Fig. O we show the same reaction spectra calculated with 
the scaled (deep) optical potential. We find some enhancement of the spectra in the 
bound energy region for the deeper potential. However, we do not observe any peak 
structures again for the deeper potential case even when there exists one bound state. 
As we have expected from the widths of the bound states, it is difficult to observe any 
peak structure in the missing mass spectra. 

In Figs. ID and [S] we show the calculated results for different formation reactions, 
namely, ^■^C(7,p) (Fig. |4|) and ^'^C{n~ ,n) (Fig. [5]). In both cases, the momentum 
transfers of the reactions are larger than for the p induced case and, hence, the spectra 
around threshold are suppressed in these reactions. We also show the conversion part 
of the ^^0(^,0) spectra in Fig. [6] which correspond to the {p,4>) spectra coincident 
with the particle emissions from <j) meson decay (absorption) in nucleus. One of the 
advantages of the (p, <p) reaction is a possible background reduction by the conversion 
spectrum as described in Ref. [13] • Thus, the conversion spectrum in Fig. |6]will be 
an important piece of information to observe the (j> meson properties in nucleus. The 
details of our results shown in this article will be given in Ref. [4]. 



4 Summary 

We study <j>-meson production in nuclei in this article and show the numerical results 
of (j> mesic nuclear states and formation spectra for (p, cji), (7,p) and (vr", n) reactions. 
Due to the large decay width of (j) meson in nucleus, we have found that a clear 
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Fig. 2 Calculated spectra for the </<- nucleus systems formation plotted as a function of the 
emitted if) meson energy in the ^^C(p, if>) reaction at pp = 1.3 GeV/c. The dashed, dotted lines 
show the contributions from different proton hole states. The vertical dashed line indicates the 
if) meson production threshold. The theoretical (shallow) optical potential is used. 
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Fig. 3 Calculated spectra for the 0- nucleus systems formation plotted as a function of the 
emitted ip meson energy in the ^^C(j), 4>) reaction at pp = 1.3 GeV/c. The dashed, dotted lines 
show the contributions from different proton hole states. The vertical dashed line indicates the 
ip meson production threshold. The scaled (deep) optical potential is used. 



peak observation in the missing mass spectra will be difficult. Thus, we think that 
further theoretical investigations are very important to extract reliable information 
from experimental data. 
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Fig. 4 Calculated spectra for the (/)-nucleus systems formation plotted as a function of the 
emitted proton energy in the ^^C{-f,p) reaction at pj = 2.7 GeV/c. The dashed, dotted lines 
show the contributions from different proton hole states. The vertical dashed line indicates the 
ip meson production threshold. The theoretical (shallow) optical potential is used. 
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Fig. 5 Calculated spectra for the t/i-nucleus systems formation plotted as a function of the 
emitted neutron energy in the ^^C{it~ ,n) reaction at p^- = 2.0 GeV/c. The dashed, dotted 
lines show the contributions from different proton hole states. The vertical dashed line indicates 
the ip meson production threshold. The theoretical (shallow) optical potential is used. 
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Fig. 6 The conversion part of the calculated spectra for the cii-nucleus systems formation 
plotted as a function of the emitted meson energy in the ^^C{p,(f>) reaction at pp = 1.3 
GeV/c. The dashed, dotted lines show the contributions from different proton hole states. 
The vertical dashed line indicates the <p meson production threshold. The theoretical (shallow) 
optical potential is used. 
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